Curious blue-green luminescence has been observed from poly(amidoamine) (PAMAM), poly(propylene imine) (PPI), and poly(ethylene imine) (PEI) dendrimers.
' INTRODUCTION
Curious blue-green luminescence has been observed from poly(amidoamine) (PAMAM), poly(propylene imine) (PPI), and poly(ethylene imine) (PEI) dendrimers. 1À3 After discovering increased luminescence from dendrimers containing additional interior tertiary amines, and decreased luminescence from oxygen-deprived samples, Chu and Imae hypothesized that the fluorescence is related to a confined amineÀoxygen exciplex charge transfer (CT) transition. 4 To test the hypothesis, Chu and Imae examined the fluorescence properties of triethylamine (TEA) solutions prepared in the absence of oxygen and the same solutions with oxygen-generating dopants introduced. The oxygen-doped TEA solution produced broad-band fluorescence centered at 460 nm with an excitation at 365 nm, similar to the behavior of a fourth generation PAMAM dendrimer.
Little theoretical work has been done with regard to Chu and Imae's hypothesis. Electronic excited states of the NH 3 ÀO 2 complex were studied using AM1 and PM3 methods by Juranic et al. 5 Both AM1 and PM3 predict a triplet ground state bound by less than 1 kcal mol À1 with relatively unperturbed ammonia and oxygen geometries and NÀO distances between 3 and 4 Å. Relatively low lying triplet states with ∼2 Å NÀO bond lengths and significant charge transfer character were also predicted. Though the work of Juranic et al. was not originally intended to address the hypothesis of Chu and Imae, it appears to be a logical starting point for ab initio investigations of the hypothesis.
Here we employ ab initio techniques to examine the electronic structure of NH 3 ÀO 2 in order to build a theoretical model to describe the behavior of charge transfer exciplex states in oxygenÀ tertiary amine systems.
' THEORY AND METHODOLOGY
Most of the calculations in this work have been performed with the equation-of-motion coupled cluster (EOM-CC) methods.
6À8
In EOM-CC, one finds the electronic excited states by diagonalizing the similarity transformed Hamiltonian H = e where T and R are general excitation operators with respect to the reference state |Φ 0 ae. For example, in the second quantization form
Here and later, i, j, etc. denote occupied orbitals in the reference state; a, b, etc. denote virtual orbitals; and t are the corresponding single and double amplitudes. The t amplitudes satisfy the coupled cluster (CC) equations for the reference state:
where Φ μ denotes the μ-tuply excited determinants (Φ i a , Φ ij ab , etc.) and E CC is the coupled cluster energy. The eigenstates of H can be found as
In practice, both R and T operators are truncated; truncation at the level of singles and doubles (T = T 1 + T 2 ; R = R 1 + R 2 ) results in the EOM-CCSD method. EOM-CC(2,3) is defined by truncating T at the level of singles and doubles and R at singles, doubles, and triples. 10, 11 EOM-CC methods with the same level of truncation in T and R are size-extensive. EOM-CC(2,3) is not fully size-extensive; however, the transition energies between different excited states (not including the reference state) are size-extensive. 11 The choice of the reference state and the R excitation operator defines a type of EOM-CC. The spin-preserving excitation operator (only R f R and β f β excitations are included) determines the traditional excitation energy (EE) EOM-EE-CC method. 12, 13 In spin-flip (SF) EOM-CC, 14 ,15 each excitation ABSTRACT: It has been suggested that fluorescence from amine-containing dendrimer compounds could be the result of a charge transfer between amine groups and molecular oxygen [Chu, C.-C.; Imae, T. Macromol. Rapid Commun. 2009, 30, 89.] . In this paper we employ equation-of-motion coupled cluster computational methods to study the electronic structure of an ammoniaÀoxy-gen model complex to examine this possibility. The results reveal several bound electronic states with charge transfer character with emission energies generally consistent with previous observations. However, further work involving confinement, solvent, and amine structure effects will be necessary for more rigorous examination of the charge transfer fluorescence hypothesis. 
The excitation energy EE variant of EOM-CC is typically used for the description of the electronic states of the closed-shell molecules, as well as Rydberg and mixed valence Rydberg states. 13 The SF variant is a method of choice for targeting diradical states and bond breaking.
13,15À18 A comparison of EE and SF excitations for a system of two electrons on two orbitals is shown in Figure 1 .
Other variants of EOM-CC include ionization potential
19À21
(IP) and electron affinity 22 (EA) methods in which the excitation operator annihilates or creates an electron, double IP and double EA (annihilation or creation of two electrons), 23, 24 etc. These models are useful for describing radicals and other systems with high degeneracies.
' COMPUTATIONAL DETAILS
The ground state equilibrium geometry of triplet NH 3 ÀO 2 was first optimized in the Q-Chem 25 electronic structure package with B3LYP 26À28 /6-31G*, 29, 30 and the resulting structure was refined using EOM-SF-CCSD/6-311+G**. 31, 32 The geometry optimizations were confined to C s symmetry.
Molecular orbitals for the ammoniaÀoxygen system were computed in GAMESS 33, 34 with HartreeÀFock (HF)/6-311 +G** and were visualized with MacMolPlt 35 and rendered using POV-RAY. 36 Excited state calculations were performed using EE and SF variants of the EOM-CCSD and active space EOM-CC(2,3) methods.
11 EOM-SF calculations are based on the unrestricted HF triplet reference that consists of the closed-shell singlet on the ammonia and the 3 Σ triplet on the oxygen. This state is the ground state of the NH 3 ÀO 2 complex. EOM-EE calculations employ restricted HF singlet reference corresponding to the closed-shell singlet on the ammonia and the closed-shell component of the oxygen 1 Δ state. The 6-311G* basis set was used throughout. The ammonia lone pair (LP) orbital (orbital 14 in Figure 2 ) and the oxygen π and π* orbitals (orbitals 7, 8, 12, and 13) are included in the active space in EOM-CC(2,3) calculations.
Potential energy slices along the ammoniaÀoxygen separation and the oxygen-bond-length coordinate (Figure 3b ,c) were created for the low lying excited states using the EOM-CC methodologies outlined above. The NH 3 ÀO 2 separation was scanned from 1.8 to 3.6 Å in 0.2 Å increments with the oxygen The Journal of Physical Chemistry A ARTICLE bond length fixed at 1.2 Å. Then, the oxygen bond length was scanned from 1.00 to 1.60 Å in 0.04 Å increments with the NH 3 ÀO 2 separation fixed at 2.4 Å.
Using a starting guess geometry based on the oxygen bond and moiety separation curves, the lowest A 00 symmetry CT state was optimized using EOM-SF-CCSD/6-311G*. The geometry of the ammonia pyramid was fixed during the optimization because a large scale geometry change in the amine would be unphysical in the tertiary amine systems of the experiments. Transition dipole moments and oscillator strengths were calculated at the optimized CT geometry using EOM-SF-CCSD/6-311G* and EOM-EE-CCSD/6-311G* levels of theory. Active space EOM-SF-CC(2,3)/6-311G* and EOM-EE-CC(2,3)/6-311G* excited state energy calculations were also performed at the optimized geometry of the lowest CT state.
' RESULTS AND DISCUSSION
The ground state optimizations of the ammoniaÀoxygen system resulted in the C s symmetry structure with the C 3 axis of the ammonia being nearly perpendicular (89.4°) to the O 2 bond axis and a 3.6 Å separation between the nitrogen atom and the oxygen molecule's center of mass. The geometries of the ammonia and oxygen molecules are essentially unchanged from their normal gas phase geometries. Similarly, Juranic et al., 5 using semiempirical methods, discovered that equilibrium geometries have moiety separations between 3 and 4 Å. Essentially, in the ground state, the complex is only bound by long-range interactions and is unlikely to form a stable complex in solution.
The molecular orbitals for the ammoniaÀoxygen system are remarkably similar to the orbitals for individual ammonia and oxygen molecules (see Figure 2) , though some mixing, particularly between the A 0 oxygen π and π* orbitals and the ammonia A 0 orbitals, was observed at shorter NH 3 ÀO 2 separations. The electronic states in the complex can be characterized by either excitations on ammonia or oxygen moiety, or charge transfer excitations in which the electron density is shifted between the monomers. It is expected that the excitations within a monomer do not depend significantly on the intermonomer separation. The lowest energy state for the complex is composed of the closed-shell ammonia and oxygen in the triplet ground state. The three lowest excited states are dominated by redistribution of electrons on π* orbitals of O 2 (orbitals 12 and 13) and correspond to 1 Δ g and 1 Σ g + oxygen states. Oxygen π f π* excitations and excitations on ammonia have high transition energies of ∼6.5 eV. Excitations from a lone pair (LP) on NH 3 (orbital 14) to either of the π* orbitals of O 2 result in CT states. Four electronic states (two singlets and two triplets) can originate from these excitations. The CT states are stabilized at shorter intermonomer separations. Indeed, all four of them are bound and have a minimum near 2.0 Å NH 3 ÀO 2 separations.
Remarkably, it is not easy to describe the CT states in a balanced way by EOM techniques. Figure 4 summarizes important determinants involved in the CT states and their description by EE and SF EOM methods. Using EOM-EE with the singlet closed-shell reference (corresponding to the 1 Δ state of O 2 ), the pair of the A 00 CT states is described by means of single excitations. However, the A 0 pair consists of formally doubly excited determinants with respect to the reference singlet state. As a result, the energy splitting between A 0 and A 00 pairs is not correctly described by EOM-EE. The excitation energies of the A 0 CT states are significantly overestimated by EOM-EE.
Employing EOM-SF with the triplet reference ( 3 Σ state of O 2 ), one configuration of both A 0 and A 00 states is obtained as a single excitation, while the other component is a double excitation with respect to the reference triplet. Unbalanced (mixed singleÀdouble) description of the states' components results in severe spin contamination as well as in inaccurate singletÀtriplet energy differences. To improve the accuracy of description of these states, we employed the EOM-CC(2,3) method for both EE and SF variants, with the active space consisting of the three orbitals shown in Figure 4 (NH 3 LP and two O 2 π*) as well as a pair of π orbitals on O 2 . Adding triple excitations decreases spin contamination and improves the accuracy of the excitation energies for problematic states, as discussed below.
Performance of the EOM-CCSD and EOM-CC(2,3) methods for low lying electronic states of NH 3 ÀO 2 is compared in Figure 5 . As expected, EOM-EE-CCSD fails to describe the 1 Σ state of oxygen and overestimates its excitation energy by more than 3 eV (Figure 5a ). This is because the leading configuration in the 1 Σ state is the closed-shell determinant that is doubly excited with respect to the EE reference determinant. As compared to EOM-EE-CC(2,3), EOM-EE-CCSD accurately describes two A 00 CT states near their equilibrium at ∼2 Å separation between NH 3 and O 2 . However, the accuracy becomes worse at longer NH 3 ÀO 2 separations, mainly because of mixing of the CT states with the π f π* oxygen states, whose excitation energies are overestimated by EOM-EE-CCSD by more than 1.5 eV. Mixing of the CT states with the π f π* states is a reason for including oxygen π orbitals in the active space in Figure 4 . Description of CT states in NH 3 ÀO 2 complex by EOM-EE and EOM-SF. Lone pair (LP) orbital of NH 3 and two π* orbitals of O 2 are shown (upper left panel). Four M s = 0 determinants with CT character (i.e., determinants obtained by excitation of an electron from NH 3 LP to π* in O 2 ) can be combined in two singlet and two triplet states. EOM-SF approach employing the high-spin triplet reference describes two of the CT determinants as singly excited (R 1 SF ) and two other determinants as doubly excited (R 2 SF ). As a result, all four CT states are described in a somewhat unbalanced way. In particular, the unbalanced description of the states is manifested in strong spin contamination. In the EOM-EE variant, A 00 determinants are singly excited and A 0 determinants are doubly excited. Thus, the A 00 singlet and triplet states are the singly excited states and are accurately described by EOM-EE. However, A 0 singlet and triplet are the doubly excited states and are not correlated in EOM-EE-CCSD. Therefore, excitation energies of A 0 states and energy splitting between A 0 and A 00 pairs by EOM-EE-CCSD may have large errors.
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EOM-CC(2,3). EOM-EE-CCSD fails to reproduce two A
0 CT states. As discussed above, these states are formally doubly excited in the EOM-EE formalism, and, similarly to the 1 Σ oxygen state, they are not correlated in EOM-EE-CCSD. As a result, their excitation energies are significantly overestimated by EOM-EE-CCSD. Additionally, being too high in energy, these states strongly interact with a rich manifold of higher lying oxygen and ammonia states (not shown in Figure 5 ), such that their unique assignment becomes problematic.
The SF variant of EOM-CCSD accurately describes diradical oxygen states (Figure 5b ). However, it also significantly overestimates the excitation energy of the π f π* oxygen state and two of the four CT states (not shown in Figure 5b ). Description of two other CT states is reasonable around their equilibrium where they are low in energy and do not interact with other states. However, the accuracy deteriorates at large moiety separations because the CT states mix with the inaccurately described π f π* states. Because of the unbalanced description of different components of the CT states by EOM-SF, these states are strongly spin contaminated. For example, the S 2 values for the states shown in Figure 5b are 1.04 and 1.13 in EOM-SF-CCSD (compared to 0.0 and 2.0 for spin-pure singlet and triplet states, respectively).
As was already discussed, the CT states prefer short intermoiety separations. However, a transfer of an electron to the π* orbital of O 2 also destabilizes the OÀO double bond. Indeed, the bonding character of the OÀO bond becomes 1.5. This electron transfer leads to lengthening of the OÀO bond in CT states. The potential energy curves along the oxygen bond coordinate are shown in Figure 6 . Indeed, as clearly seen in Figure 6b , the CT states experience additional stabilization of ∼1.4 eV upon lengthening of the OÀO bond. In this respect, the CT states behave similarly to the π f π* transition that also destabilizes the oxygen double bond. Based on the plot in Figure 6b , the optimal OÀO distance for the CT states is 1.4 Å, which is ∼0.2 Å longer than the equilibrium OÀO bond length in O 2 .
Interestingly, the long-range behavior of the CT states along the monomer separation coordinate does not follow the 1/R asymptotic that is expected for the CT states. However, careful examination of the excitation amplitudes of the CT states shows that, with increasing separation, these states interact and mix with π f π* oxygen states such that the CT character continuously transfers to higher lying states. In other words, the CT states experience avoided crossing with a manifold of π f π* oxygen states (as well as some of the ammonia states). Effectively, the CT character at the moiety separations larger than 2.8À3.0 Å is spread over a large number of the electronic states. An additional consequence of interaction of the CT states with other higher lying states is a change in the energetic order of the CT states The Journal of Physical Chemistry A ARTICLE among themselves along the moiety separation coordinate. For example, the 3 A 00 CT state by EOM-EE-CC(2,3) is the lowest at 1.8 Å separation but becomes second and even third at larger separations.
EOM-EE-CC(2,3) and EOM-SF-CC(2,3) methods agree with an overall picture of the electronic spectra of the NH 3 ÀO 2 complex (Figure 6 ). Thus, the triple excitations dramatically improve the description of this system and repair most of the deficiencies observed at the EOM-CCSD level. The discrepancies between EOM-EE-CC(2,3) and EOM-SF-CC(2,3) do not exceed 0.5 eV and are within 0.1À0.2 eV for most cases. This is opposed to the discrepancies up to 3 eV occurring at the EOM-CCSD level.
Despite many deficiencies in the description of the electronic states by either EOM-SF-CCSD or EOM-EE-CCSD, the shape of the potential energy curves of the lowest CT states near their equilibrium region is accurately reproduced. Therefore, we employ EOM-SF-CCSD for geometry optimization of the triplet A 00 CT state (the geometry of ammonia was kept frozen in these calculations). The optimized geometry of the 3 A 00 CT state ( Figure 3 ) agrees with the expectations derived from the calculated potential energy curves; i.e., it possesses a short moiety separation and an elongated OÀO bond. The most important difference is the ∼4°angle between the ammonia C 3 axis and the oxygen bond axis. The optimized geometry is used for calculating vertical and adiabatic excitation energies discussed in the next paragraph.
The fluorescence in tertiary amine dendrimers is observed around 460 nm with an absorbance maximum near 365 nm. The model considered in this work can provide only a qualitative understanding of electronic processes occurring in dendrimers since solvent and confinement effects as well as a more complicated structure of amine are not considered. For the NH 3 ÀO 2 system, the vertical excitation energies (Table 1 ) from the ground state to the lowest triplet CT states (that are mixed with π f π* states at this region) are within the range 200À170 nm, which is too high in energy to be relevant to the PAMAM dendrimer experiments. However, the flat potential energy surface of the ground state suggests that significantly shorter intermonomer separations could be transiently accessible at room temperature. Furthermore, the presence of solvent is expected to stabilize CT states and lower the CT excitation energy. Also, it is possible in the confined space of the dendrimers for the oxygen molecules to be closer to the tertiary amines, further reducing the energy required to access the CT states. Vertical transitions from the optimized 3 A 00 CT state to the ground state are 522.6 and 557.7 nm as predicted by EOM-EE-CC(2,3) and EOM-SF-CC (2,3) . The oscillator strengths of The Journal of Physical Chemistry A ARTICLE these transitions were estimated to be 0.0060 and 0.0073 at the EOM-EE-CCSD and EOM-SF-CCSD levels, respectively. The oscillator strengths are expected to increase in the condensed phase since solvation can mediate CT transitions. The excitation wavelengths predicted by EOM-CC(2,3) are 50À100 nm longer than the fluorescence emission from experimental work, suggesting that the lifetime of the CT state is smaller than the time required for the relaxation of the CT state to its minimum, and the fluorescence occurs from a nonequilibrium CT geometry. Alternatively, one could speculate about a possible involvement of the singlet states of oxygen in the observed luminescence. However, this would imply either absorption from the singlet oxygen state (that is limited by the amount of the singlet oxygen present in a system) or triplet-to-singlet internal conversion within a manifold of the CT states, and then emission from the singlet CT state. However, before exploring these pathways, the effects of the solvent and confinement should be characterized. This can be done by employing hybrid QM/MM (quantum mechanics/molecular mechanics) techniques developed by one of the authors. 37, 38 These issues will be the topics of future work.
' CONCLUSIONS
The electronic structure of the ammoniaÀoxygen model system is investigated by the EOM-CC methods in order to explore origins of the blue-green luminescence observed in amine-containing dendrimers. The ammoniaÀoxygen complex in the ground state is bound by weak long-range interactions and is unlikely to form in solution. However, EOM-CC calculations reveal a manifold of four bound CT states, consistent with the hypothesis that the luminescence occurs due to the formation of the NH 3 ÀO 2 exciplex. The vertical excitation from the ground state to the lowest CT state is predicted to be ∼170À200 nm (vs ∼365 nm experimental). However, consistent with an essentially unbound ground state, the potential is relatively flat over a broad range of bond lengths. The population of species with bond lengths shorter than the weak minimum at 3.6 Å will be described by a Boltzmann distribution and could be significant, particularly if excitation results in a bound excited state. In addition, solvent effects are expected to lower the CT excitation energy. The vertical excitation from the CT state is predicted to be ∼520À560 nm (vs 460 nm experimental), possibly indicating that the lifetime of the CT state is short compared to the time required for geometry relaxation. Ultimately, solvent, confinement, and amine structure effects will have to be considered before more quantitative and rigorous comparisons with experiment can be performed. a Observed fluorescence in tertiary amine dendrimers occurs around 460 nm with an absorbance maximum near 365 nm.
